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Time- and angle-resolved photoemission spectroscopy accesses the ultrafast evolution of quasi-
particles and many-body interactions in solid-state systems. However, the momentum- and energy-
resolved transient photoemission intensity may not be unambiguously related to the intrinsic re-
laxation dynamics of photoexcited electrons. In fact, interpretation of the time-dependent photoe-
mission signal can be affected by the transient evolution of both the one-electron removal spectral
function as well as the photoemission dipole matrix elements. Here we investigate the topological in-
sulator Bi1.1Sb0.9Te2S to demonstrate, by means of a careful probe-polarization study, the transient
contribution of matrix elements to the time-resolved photoemission signal.
INTRODUCTION
The development of pump-probe techniques has pro-
vided the opportunity to extend the study of solid state
systems into the time domain, garnering important in-
sights regarding transient phenomena in addition to new
perspectives on persistent challenges from equilibrium
[1]. Generally speaking, pump-probe techniques rely on a
simple principle: a pump pulse drives the system out-of-
equilibrium while a delayed probe pulse tracks intrinsic
scattering properties on an ultrafast time scale.
The momentum information accessible from time- and
angle-resolved photoemission spectroscopy (TR-ARPES)
offers a significant advantage over other pump-probe
techniques, as the modifications to the electronic struc-
ture and momentum-resolved relaxation dynamics of
photoexcited electrons are observed directly. TR-ARPES
has been used to study the transient evolution of exotic
phases in condensed matter such as unconventional su-
perconductivity [2–4], charge-order [5], excitonic conden-
sates [6] and Floquet states [7, 8]. While the technique is
by now fairly well-established, interpretation and analy-
sis of TR-ARPES has yet to take advantage of the vast
quantity of information encoded in the experimental sig-
nal. Presently, it is conventional to emphasize the tem-
poral evolution of the electronic temperature [4, 9–11] or
the photoemission intensity in well-defined momentum-
energy regions [12–15]. While in many cases this ap-
proach provides a basic understanding of some transient
properties of the electronic population, a comprehensive
description of the experiment is challenging.
To explore this further, we consider the form of the pho-
toemission signal, for fixed energy ω and momentum k,
as it is defined via Fermi’s Golden Rule [16]
IPES(ω,k) = |Mkf,i|2 ·A(ω,k) · f(ω,k), (1)
where |Mkf,i|2 is the photoemission matrix element,
A(ω,k) the one-electron removal spectral function, and
f(ω,k) the electronic distribution function. It is impor-
tant to note that Eq. 1 is only strictly valid at equi-
librium and may not accurately describe the effect of
the pump’s electric field on the ground-state Hamilto-
nian [17]. However, when pump and probe beams are
not synchronous, Eq. 1 can be taken to approximate the
transient photoemission signal, i.e. extended in the time
(τ) domain. The temporal evolution of f(ω,k, τ) de-
scribes the intrinsic relaxation processes for fixed ω and
k. In addition to f(ω,k, τ), much emphasis has also been
placed on the evolution ofA(ω,k, τ), which encodes infor-
mation regarding the bare electronic dispersion [18, 19]
and many-body interactions. Such dynamical analysis
of A(ω,k, τ) has been applied successfully to, for exam-
ple, ultrafast metal-insulator transitions [5, 6, 20] as well
as the quenching of phase coherence in superconducting
condensates [2]. To date however, the possible role of
the matrix element term, |Mkf,i(τ)|2, has been neglected
in the analysis of TR-ARPES experiments. Derived from
the dipole-operator matrix elements connecting the ini-
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2tial (i) and final (f) state of the photoemitted electron,
|Mkf,i(τ)|2 is often argued to depend solely on the ex-
perimental geometry and orbital symmetry of the initial
states. Wherein this assumption is valid, and the exci-
tation is not anticipated to influence the orbital symme-
try, the emphasis on A(ω,k, τ) and f(ω,k, τ) is perfectly
reasonable. For multi-orbital systems however, the ma-
trix element becomes a more complex object, susceptible
to photoelectron interference effects which can modulate
the relative photoemission intensity by orders of magni-
tude [21–24]. This term is then sensitive to modifications
of both the electronic and lattice structures, complicat-
ing the interpretation of relaxation dynamics immensely.
The possibility that the temporal evolution of A(ω,k, τ),
|Mkf,i(τ)|2 and f(ω,k, τ) are intertwined raises important
questions regarding the degree of confidence with which
the ultrafast evolution of ARPES intensity can be asso-
ciated with electronic relaxation dynamics alone.
To illustrate this point, Figure 1(a) models how a sim-
ulated transient modification of the matrix element
|M(τ)|2 (blue line, modeled as a single-exponential func-
tion with a decay time of 4 ps convoluted with a 0.25 ps
Gaussian function) may affect the extracted electron re-
laxation time. The intrinsic electron relaxation time,
described by the evolution of the electronic distribution
f(τ) for a well-defined momentum-energy region, is taken
for this example to be 7 ps (black dashed line, convoluted
with a 0.6 ps Gaussian function). When fitting the mod-
eled transient photoemission intensity (red line, propor-
tional to f(τ) · |M(τ)|2) with a single-exponential, the
transient increase of the matrix element factor results in
the erroneous extraction of a 5.8 ps relaxation time. This
corresponds to a nearly 20% error in the extracted re-
laxation time, emphasizing the complications which may
arise through negligence of the matrix element factor’s
dynamical response.
Such a scenario is not merely hypothetical: we demon-
strate here a real example of this complicated co-
evolution, observed in the relaxation dynamics of the
topological insulator (TI) Bi1.1Sb0.9Te2S (BSTS) [25].
We observe that the pump pulse coherently excites
phonon modes which affect both the lattice and electronic
structures. This results in a modification of the angular
intensity distribution (i.e. matrix element) as well as the
band dispersion of the topological surface state (TSS).
While such a study is in principle possible in a variety
of materials, TIs such as BSTS are ideally-suited to our
purposes owing to their strong response to an IR pump
in terms of transient occupation of the TSS above the
Fermi energy (EF ) [14, 15, 26–28], and susceptibility to
the optical excitation of phonon modes [18]. BSTS is pre-
ferred in this particular case to, for example, Bi2Se3/Te3
due to the high chemical stability of the surface and the
large bulk energy gap, which facilitates consideration of
the TSS in isolation from the bulk-conduction states.
Pump-probe TR-ARPES experiments were conducted
(a)
Te
Te
S
Bi/Sb
Bi/Sb
c-axis
-0.1 0.0 0.1
-0.2
-0.1
0.0
-0.1 0.0 0.1
(c)
s p
Energy (eV)
k|| (Å-1)
Γ
M
K
(b)
1
0
86420
t= 7 ps
f
IPES=f·|M|
2
t= 5.8 ps
|M|2
In
te
ns
ity
 ( a
.u
.)
Delay (ps)
M  -  Γ  -  M 
FIG. 1. (a) Pictorial sketch of how a transient modification
of the matrix element |M |2 (blue line, decay time 4 ps) may
affect the extraction of the electron relaxation time from the
evolution of the photoemission intensity. Rather than the in-
trinsic 7 ps decay time associated to the dynamics of the elec-
tronic distribution f (black dashed line), a single-exponential
fit of the photoemission intensity (red line) gives ≈5.8 ps. (b)
Bi1.1Sb0.9Te2S layered-crystal structure. (c) Static 6.2 eV
ARPES maps, along Γ¯-M¯, acquired at 6 K with vertically
(s) and horizontally (p) polarized light. The inset shows the
hexagonal projected Brillouin zone with two high-symmetry
directions.
using a 1.55 eV pump and 6.2 eV probe beam, with pho-
toemitted electrons collected via a hemispherical elec-
tron analyzer (SPECS Phoibos 150 – overall momen-
tum, energy and temporal resolutions are <0.003 A˚
−1
,
19 meV and 250 fs, respectively). To corroborate our
findings, we conducted similar measurements via high-
temporal resolution TR-reflectivity, confirming the pres-
ence of photoinduced coherent A1g optical and acous-
tic phonon modes. To then extract the contribution
of |M(τ)|2 to the observed dynamics, a polarization-
dependent TR-ARPES study was conducted, elucidating
the essential role of this term in the apparent relaxation
dynamics of the electronic spectral function.
RESULTS
Similar to Bi2Se3/Te3, the crystal structure of BSTS
forms a quintuple-layer structure with alternating layers
of Te-Bi/Sb-S-Bi/Sb-Te stacked along the lattice c-axis
(Fig. 1(b)) [25]. Static ARPES, along Γ¯-M¯ direction and
acquired with both vertically (s) and horizontally (p) po-
larized 6.2 eV light, confirms the presence of a TSS, with
the Dirac point located 120 meV below EF , as shown in
Fig. 1(c). Similar to other TIs, the angular distribution of
ARPES intensity reflects a complex interlayer photoelec-
tron interference effect; on the basis of orbital symmetry
alone, such a pattern cannot be anticipated [21, 29].
By introducing the 1.55 eV pump excitation (s-polarized
with a fluence of 40 µJ/cm2 throughout this work for
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FIG. 2. (a) Differential (PumpON-PumpOFF) band mapping of the TSS at +0.3 ps and +3 ps pump-probe delays, along Γ¯-M¯,
probed with s-polarized light. (b) TSS dispersion extracted by a double-Lorentzian fit of the momentum-distribution curves.
The TSS dispersion changes upon the optical excitation. The inset highlights the transient modification of both the Fermi
velocity and Fermi momentum by simple visual inspection. (c) Extracted Fermi velocity (v, filled orange circles) and Fermi
momentum (kF , open black circles) referred to the equilibrium EF . Traces are fit by a phenomenological exponential decay
function. The shadowed area identifies the confidence of the fitting procedure. (d) Differential reflectivity ∆R(τ)/R trace
(black curve) at 300 K, pump 2.25 eV (fluence of 3 mJ/cm2) and probe 1.37 eV. The inset highlights the fast dynamics within
the first 2 ps. ∆R(τ)/R trace is fit by a phenomenological bi-exponential decay function (blue line) extracting a rise time
of 0.33±0.05 ps and subsequent relaxation time of 0.65±0.1 ps. (e) ∆R(τ)/R curve subtracted by the bi-exponential fitting
function shown in (d). The blue line is a double damped-sinusoidal function fit.
TR-ARPES measurements) we observe not only a rel-
ative depletion/occupation of the lower/upper branches
of the Dirac cone, but also a significant change to the
electronic dispersion. In Fig. 2(a), we plot the differen-
tial band-mapping of the TSS along the Γ¯-M¯ direction
at 0.3 ps and 3 ps pump-probe delays, as probed with
s-polarized light. To illustrate the pump-induced modi-
fication of the dispersion, shown in Fig. 2(b), we plot the
Fermi velocity (v) and Fermi surface area (i.e. the Fermi
momentum kF ) versus the pump-probe delay in Fig. 2(c).
The expansion of the Fermi surface (referenced here to
the equilibrium chemical potential) is associated with a
decrease in the Fermi velocity (similar relaxation times
≈5 ps, see Fig. 2(c)), resulting in a Dirac point stable in
energy over pump-probe delay - confirmed also by visual
inspection of Fig. 2(a).
The photoinduced modification of the dispersion of the
TSS is consistent with what has been reported by Sobota
et al [18], and it may be attributed to a photoinduced lat-
tice distortion, i.e. phonons, which affects the covalency
for those states which comprise the TSS. Such phonon
excitations have been reported extensively for both TIs
and other materials [18, 19]. It is however possible for the
pump to couple to a variety of different bosonic modes;
to confirm the role of phonons here, we have performed
high-resolution TR-reflectivity measurements using sub-
20-fs pump and probe pulses, which are sufficiently short
to impulsively excite phonons and detect them in the
time domain [30]. In these experiments the sample was
pumped at 2.25 eV and probed with a broadband near-
infrared pulse. In Fig. 2(d-e), we demonstrate the coher-
ent photoexcitation of two optical phonons (A21g 4.6 THz
and A11g 1.79 THz), in addition to an acoustic phonon at
34 GHz [18, 31, 32]. A single trace of the recorded differ-
ential reflectivity ∆R(τ)/R at probe energy 1.37 eV [33]
is plotted in Fig. 2(d). Within the first 2 ps, the opti-
cal phonons are observed, while on a longer time scale
the optical response is modulated by an over-damped
acoustic phonon mode (34 GHz, 0.14 meV). Subtracting
the bi-exponential fit (see inset of Fig. 2(d)), the residual
curve can be fit to damped sinusoids, from which we find
that the optical modes reflect damping times of 0.4 ps
(4.6 THz/19 meV) and >5 ps (1.79 THz/7.4 meV). The
long recovery time (>80 ps) observed in ∆R(τ)/R is rem-
iniscent of heat-diffusion and can be associated with the
long-lived pump-induced lattice distortions. These dis-
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FIG. 3. (a) Out-of-equilibrium band mapping of the TSS, +0.6 ps pump-probe delay, probed with s (left) and p (right)
polarizations. In each panel, the color scale is scaled to the maximum intensity of the dataset. (b) ∆I(τ) curves centered
at +50 meV, +25 meV and -30 meV resulting from the integration in colored boxes in (a). Red and blue curves: s and p
polarizations, right (R) branch; green and orange curves: s and p polarizations, left (L) branches. (c) Temporal evolution of
Z(τ) as defined in Eq. 2.
tortions would give rise to persistent band-structure mod-
ifications such as those observed with our TR-ARPES
measurements.
We now compare TR-ARPES and TR-reflectivity data.
One should note that the TSS dispersion modification
takes place within our TR-ARPES system’s temporal res-
olution (250 fs), comparable to the period of the A21g op-
tical phonon and the rise time of ∆R(τ)/R (Fig. 2(b-d)).
However, while the A21g phonon decays within 1 ps, the
TSS dispersion is changed for substantially longer. The
A11g phonon lasts instead for several picoseconds with a
damping time comparable to that of the Fermi velocity
and the Fermi momentum (Fig. 2(c)), playing perhaps
a more substantial role in the modification of the ob-
served dispersion. Furthermore, additional modes not
observed via reflectivity may also play a secondary role
in stabilizing the modified dispersion over the long time
scales measured in our experiment [34]. We can con-
clude with confidence that the modifications to the TSS
dispersion can be attributed to a complex interplay of
pump-induced phonons.
DISCUSSION
With this modification to both the lattice and elec-
tronic structure thus confirmed via photoexcitation of
several phonon modes, we can now address the resulting
modification to the ARPES matrix elements which ensue.
To do so, we focus our attention on the temporal evolu-
tion of several well-defined regions of energy and mo-
mentum along the different branches of the TSS. While
the ultrafast scattering processes involving the TSS of
several TIs have been reported [10, 13–15, 26, 27, 35–
39], the effect of the transient deformation potential dis-
cussed above on the conclusions of those studies has not
been addressed. In Fig. 3(a) we plot the TSS at +0.6
ps pump-probe delay for two different linear probe po-
larizations (s and p). The area of the integration re-
gion was chosen to be comparable in energy to our sys-
tem resolution (20 meV), and large enough in momen-
tum so as to ensure that no states move in or out of
the window with the change in dispersion. They are in-
dicated by the colored boxes in Fig. 3(a). It is impor-
tant to note that as the Dirac point does not shift with
the excitation (see Fig. 2), the energy window is fixed
with respect to the TSS for all time delays. The tem-
poral evolution of the integrated intensity within these
boxes, ∆I(τ)=
∫
ω,k
IPES(ω,k, τ)dωdk, is then plotted in
Fig. 3(b). Comparing this evolution for different energy
windows on both the left (L) and right (R) branches of
the Dirac cone with s- and p-polarized probe light, we
find that, remarkably, ∆I(τ) depends on the choice of
probe polarization. We reiterate here that throughout,
the pump polarization is fixed, and so this cannot be in-
terpreted as the result of different excitations associated
with a choice of pump polarization. As we probe only
5a single TSS within a given integration window, the ob-
served differences in relaxation rates cannot be attributed
to either f(ω,k, τ) or A(ω,k, τ), as these have no connec-
tion within this context to the probe pulse polarization.
Rather it would seem that the matrix element factor ex-
hibits distinct temporal evolution which depends on the
choice of probe polarization. This finding is consistent
with the model discussed in Fig. 1(a). In particular, a
simple exponential fit (for τ >3 ps) of the ∆I(τ) curves
at +25 meV binding energy, left branch, results in the ex-
traction of conflicting relaxation times of 4.6±0.3 ps and
3.2±0.2 ps for p- and s-polarized probe, respectively.
To isolate the dynamics of the matrix element factor, we
introduce the quantity
Z(τ) = (Ip/Is)(τ) = |Mp(τ)|2/|Ms(τ)|2, (2)
defined as the ratio between photoemission intensities
with p- and s-polarized light. The form of Z(τ) has been
chosen to eliminate contributions from both A(ω,k, τ)
and f(ω,k, τ), retaining only the relative matrix element
dynamics. In the absence of temporal evolution for M ,
or for equivalent time dependence in both polarization
channels, Z(τ) would be constant. In Fig. 3(c), we plot
Z(τ) as a function of the pump-probe delay for three dif-
ferent binding energies: two above the equilibrium chem-
ical potential (+50 and +25 meV) and one below (-30
meV). As exemplified by the lower panel, the matrix ele-
ments undergo an ultrafast response and subsequent re-
laxation following interaction with the pump. For all the
three binding energies, we observe a transient evolution
of Z(τ), unambiguously related to a dynamical matrix
element ratio.
We also observe a strong dependence of Z(τ) on both mo-
mentum and energy, with the distinction between s and
p polarized light seen primarily along the left branch. Ul-
timately, the microscopic origin of the dynamical matrix
elements in BSTS is beyond the scope of this current
work, as our primary objective is simply to demonstrate
the important consequences of Z(τ) when characterizing
the ultrafast response of the spectral and distribution
functions. The particular form of Z(τ) here could arise
due to pump-induced modifications to the initial state
wavefunction, warping of the Dirac cone, or even the na-
ture of the photoemission final states. However, we note
that the commonly reported photo-induced A1g optical
phonons in TIs (see Fig. 2(d-e) and Refs. [18, 31, 40]) are
out-of-plane modes, i.e. along the c-axis. These out-of-
plane phonons may induce a transient modification of the
relative distance between atomic-layers, modulating the
quantum interference effects. Such changes may result in
an energy- and momentum-dependent modification of the
photoemission intensity [21–24], similar to what has been
reported here (see Fig 3). The multitude of plausible con-
tributions to Z(τ) emphasizes the theoretical challenge
presented by dynamical matrix elements in TR-ARPES
experiments; a challenge which needs be addressed in or-
der to ensure successful application of this technique in
the quantitative study of topological insulators and other
materials.
CONCLUSION
We have reported a substantial photoinduced modifi-
cation of the electronic structure of the topological insu-
lator BSTS. This response is manifest in corrections to
both the electronic dispersion and eigenstates. We dis-
cussed the scenario where both A(ω,k, τ) and |Mkf,i(τ)|2
display dynamical behaviour, and the implications of
this for the interpretation of TR-ARPES experiments.
We showed here that a probe-polarization study can be
used to establish time-dependence within the different
|Mkf,i(τ)|2 channels. By isolating the dynamics of the
dipole matrix elements, one may hope to achieve a com-
prehensive understanding of the non-equilibrium proper-
ties of complex solid state systems.
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